In this paper, the methodology of non-equilibrium thermodynamics is introduced for kinetics research of CO 2 capture by ionic liquids, and the following three key scientific problems are proposed to apply the methodology in kinetics research of CO 2 capture by ionic liquids: reliable thermodynamic models, interfacial transport rate description and accurate experimental flux. The obtaining of accurate experimental flux requires reliable experimental kinetics data and the effective transport area in the CO 2 capture process by ionic liquids. Research advances in the three key scientific problems are reviewed systematically and further work is analyzed. Finally, perspectives of non-equilibrium thermodynamic research of the kinetics of CO 2 capture by ionic liquids are proposed. ionic liquids, CO 2 capture, non-equilibrium thermodynamics, interfacial transport rate, nanobubble, statistical rate theory
Introduction
The combustion of fossil fuels such as natural gas, petroleum, and coal leads to a great increase of the CO 2 concentration in the atmosphere. As CO 2 is considered to be one of the most important greenhouse gases (responsible for about 64% of the enhanced "greenhouse effect" [1]), the capture and sequestration of CO 2 has become a hot issue of worldwide concern [1] [2] [3] . It is reported that the capture of CO 2 alone will increase the energy requirements of a plant by 25%-40% [3] . Therefore, many scientists all over the world are focusing on the investigations of the environment-friendly capture technology with higher efficiency and lower energy consumption compared with the current technologies [3] [4] [5] [6] [7] [8] [9] .
Amine-based chemical absorption technology is currently a mature, effective and applied way to separate CO 2 from flue gases, natural gases, and syngas [10] [11] [12] [13] [14] . However, due to the corrosion, volatility, toxicity of the amines, and their high regeneration energy requirement in the applications, in recent years, scientists all over the world have designed and synthesized many ionic liquids (ILs) as absorbents to absorb and separate CO 2 from the gas mixtures [5] [6] [7] [8] [9] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The IL-based CO 2 capture technology is considered to be a promising and competitive way to separate CO 2 because of its advantages of non-volatility, recycling, environment-friendliness, functionality, and high efficiency of CO 2 capture [9] . Although ionic liquids show a promising prospect for CO 2 capture, their industrialization and commercialization still face difficulties due to their high viscosity and high price [9, 30] . To develop the process intensification technologies for IL-based CO 2 capture, it is necessary to investigate the kinetics process of CO 2 capture and to study the effects of different operation parameters on the rate of CO 2 capture.
2 Non-equilibrium thermodynamic investigation of CO 2 capture by ionic liquids
Model description of CO 2 absorption by ionic liquids
Based on our previous work of linear non-equilibrium thermodynamic investigations on the dissolution and crystallization kinetics of potassium inorganic compounds [31] [32] [33] , in this paper, the kinetic process of CO 2 absorption by ionic liquids is assumed to comprise two steps: surface reaction and diffusion, which is shown in Figure 1 . As shown in Figure 1 , when CO 2 in the vapor phase and the ionic liquids are in contact, for the chemical absorption process of CO 2 by ionic liquids in the first step, the chemical reaction of CO 2 with ionic liquids takes place, which is called the surface reaction layer; for the physical absorption process of CO 2 by ionic liquids in the first step, CO 2 in the vapor phase will be transferred into the ionic liquid phase, which could also be called the assumed "surface reaction layer". For the surface reaction layer, the chemical potential gradient of CO 2 between CO 2 gas and CO 2 at the vapor-liquid interface is the driving force of the surface reaction. In the second step, CO 2 in the ionic liquid phase will diffuse from the vapor-liquid interface into the bulk solutions, which is called the diffusion layer. In the diffusion layer, the chemical potential gradient of CO 2 between the vapor-liquid interface and the bulk phase is the driving force for the diffusion in solutions. The reciprocals of the surface reaction rate constant and the diffusion rate constant are their respective resistances. Therefore, in order to describe the rate of the CO 2 capture process, it is important to investigate the transport rate of CO 2 at the vapor-liquid interface. Analysis of the resistances of the surface reaction layer and the diffusion layer in the kinetic process of CO 2 capture by ionic liquids and investigation of the effects of different operation parameters on the respective resistances might provide useful information for the analysis of the simple and controllable parameters of the process intensification for IL-based CO 2 capture.
Non-equilibrium thermodynamic model of CO 2 absorption by ionic liquids
Non-equilibrium thermodynamic principles [33] [34] [35] mainly focus on the entropy production of the systems due to the irreversible process. When the system is close to the equilibrium state (or the deviation from the equilibrium state is not far), the generalized flux is linearly related to the gen- eral driving force [33] [34] [35] , namely
In eq.
(1), L jk is called the phenomenological coefficient. The non-equilibrium thermodynamic model of CO 2 absorption kinetics by ionic liquids could be investigated on the basis of the schematic diagram of CO 2 absorption kinetics process by ionic liquids shown in Figure 1 and our previous linear non-equilibrium thermodynamic investigations on the dissolution and crystallization kinetics of potassium inorganic compounds [31] [32] [33] . In this paper, the surface reaction rate and diffusion rate will be described using the linear non-equilibrium thermodynamic theory.
The surface reaction rate is described by eq. (2).
2) The diffusion rate is described by eq. (3). (2) and (3) 
Key scientific problems of non-equilibrium thermodynamic investigations on CO 2 absorption kinetics by ionic liquids
In this paper, three key scientific problems of non-equilibrium thermodynamic investigations on CO 2 absorption kinetics by ionic liquids are proposed on the basis of the non-equilibrium thermodynamic model of CO 2 absorption kinetics by ionic liquids as described in Section 2.2 and our previous linear non-equilibrium thermodynamic investigations on the dissolution and crystallization kinetics of potassium inorganic compounds [31] [32] [33] . These problems are shown as follows.
(1) Reliable solubility of CO 2 in ionic liquids and reliable thermodynamic models for describing the thermodynamic properties of systems;
(2) Accurate experimental data of CO 2 absorption rate (flux) by ionic liquids; (3) Transport rate of CO 2 in ionic liquid at the vaporliquid interface in the CO 2 absorption process by ionic liquids.
Advances in non-equilibrium thermodynamic investigation of CO 2 capture by ionic liquids
According to the three key scientific problems of non-equilibrium thermodynamic investigations on CO 2 absorption kinetics by ionic liquids as analyzed in Section 2.3, in this paper, research advances in the non-equilibrium thermody-namic investigation of CO 2 capture by ionic liquids will be reviewed from the three aspects, and further research will be proposed.
Solubility of CO 2 in ionic liquids

3.1.1
Experimental data of phase equilibrium for CO 2 -ionic liquid systems On one hand, reliable experimental data of phase equilibrium for CO 2 -ionic liquid systems could provide important fundamental data for the analysis of the CO 2 capture capacity by ionic liquids. On the other hand, reliable experimental data of phase equilibrium for CO 2 -ionic liquid systems are important basis for obtaining the parameters of thermodynamic models and verifying the reliability of the models. In this section, the experimental data of phase equilibrium for CO 2 -ionic liquid systems are summarized and listed in Table 1.
As shown in Table 1 , a large number of experimental investigations on CO 2 solubility in ionic liquids have been Figure 2 . Figure 2 describes the experimental CO 2 solubility data in [bmim] [PF 6 ] at different temperatures and pressures and from different literature sources. As shown in Figure 2 , under all the investigated temperatures, when the temperature is constant, the solubilities of CO 2 in [bmim] [PF 6 ] increase with the increasing pressures. As shown in Figure 2 
Theoretical models
As analyzed in Section 2.3, it is important to develop reliable thermodynamic models for describing the thermodynamic properties of CO 2 -ionic liquid systems, which is one of the key scientific problems of non-equilibrium thermodynamic investigation on CO 2 absorption kinetics by ionic liquids. In recent years, different theoretical approaches, correlation models and equations of state (EoS) have been developed to describe the thermodynamic properties of CO 2 -ionic liquid systems. Vega et al. [92] presented a systematic review of different theoretical approaches that have been applied to describe the thermodynamic behaviors of ionic liquids and the solubility of representative compounds (CO 2 , H 2 , H 2 O, BF 3 ) in them. In their review, the most recent research advances in the theoretical approaches and the advantages and disadvantages of the respective thermodynamic models were analyzed in detail, and the advantages of the models based on statistical mechanics versus classical ones were emphasized. Moreover, the research framework of Soft-SAFT was also presented. On the basis of their review, this section presents a brief introduction to the available theoretical models for CO 2 -ionic liquid systems in recent years, which are summarized in Table 2 .
As shown in more interest of scientists and engineers all over the world. Recently, research advances have been achieved in the description of the thermodynamic properties of CO 2 -ionic liquid systems with the molecular thermodynamic models. Wang et al. [93] described the pVT behavior of ionic liquids and the solubilities of representative gases in the ionic liquids by extending the molecular thermodynamic model (the square-well chain fluids (SWCF) EoS) developed by their group. Their research results showed that the SWCF EoS could be used to describe the CO 2 solubility in ionic liquids with only one temperature-independent adjustable interaction parameter, and the accuracy of the correlation could be further improved by using two temperature-independent adjustable interaction parameters. Kroon et al. [94] developed an equation of state based on the truncated perturbed chain polar statistical associating fluid theory (tPC-PSAFT) EoS and described the CO 2 solubility in various imidazolium-based ionic liquids at pressures from 0 to 100 MPa. Andreu and Vega [95] In this paper, the brief review of the available theoretical models for CO 2 -ionic liquid systems in recent years shows that the classical equations of state have been used for correlation, and the molecular thermodynamic models such as SAFT EoS and SWCF EoS have been used to describe the phase behaviors of CO 2 -ionic liquid systems and show excellent potential for applications in engineering. However, more research is needed concerning the thermodynamic properties of more CO 2 -ionic liquid systems using the molecule-based approaches.
Molecular simulation
With the development of information science, molecular simulation shows increasingly more advantages compared with the experiments. In recent years, increasingly more scientists and engineers have investigated the phase equilibrium of CO 2 -ionic liquid systems with molecular simulation. Shah and Maginn [98] investigated the volumetric properties such as density, isothermal compressibility and volume expansivity of the ionic liquid [bmim] [PF 6 ] at a temperature range from 298 to 343 K by the Monte Carlo simulation with a modified united atom force field, and the results were in reasonable agreement with the available experimental data. Moreover, in their work, Henry's constants and the infinite dilution enthalpy and entropy of absorption for CO 2 in the ionic liquid were also computed and the predicted CO 2 solubility in the IL was slightly greater than the experimental data, which might be due to an overestimation of the interaction strength between CO 2 and the IL in the simulation. Urukova et al. [99] 2 with the IL, about six times larger than that of H 2 with the IL and two times larger than that between Ar and the IL, which is consistent with a decreasing solubility from CO 2 to Ar and then to H 2 . However, in their study the simulation results do not agree with the experimental data at high temperatures. Zhang et al. The above brief introduction shows that significant research progress has been made for investigations on the phase equilibrium of CO 2 -ionic liquids using molecular simulations. However, apparent discrepancies between the simulated results and the experimental data are observed due to the limitations of the force field.
Experimental data of CO 2 absorption rate (flux) by ionic liquids
Experimental investigations on CO 2 absorption kinetics by ionic liquids
Compared with experimental investigations on CO 2 solubility in ionic liquids, less experimental investigations on CO 2 absorption kinetics by ionic liquids have been reported recently. The latter shows that a large number of experimental kinetics studies focus on the investigations of the CO 2 diffusion coefficient in ionic liquids, while the experimental kinetics data that could be used to analyze the rate-controlling step of CO 2 absorption by ionic liquids using the linear non-equilibrium thermodynamic modeling proposed in this paper have rarely been reported. Shiflett 4 ] at a temperature range of 283-323 K using a transient thin liquid film method. Their research results show that the measured CO 2 diffusion coefficients in the ILs are dependent on the ionic liquid cation as well as the anion, and the measured CO 2 diffusion coefficients are sensitive to temperature. Heintz et al. [74] measured the volumetric liquid-phase mass transfer coefficients of CO 2 and H 2 S in the ionic liquid TEGOIL K5 at different temperatures up to 500 K and different pressures up to 3 MPa in a 4 L ZipperClave agitated reactor. Their research results show that the liquid-phase mass transfer coefficients of H 2 S in the IL are larger than those of CO 2 in the IL at the temperature range of 300-500 K, which indicates that H 2 S can be more easily captured from the dry fuel gas streams and shorter absorbers can be developed for H 2 S capture than that for CO 2 capture. Andanson et al. [75] [106] experimentally investigated the reaction kinetics of CO 2 with an amine functionalized ionic liquid at temperatures of 303 and 333 K using the decreasing pressure method in a gas-liquid stirred cell reactor.
The above introduction to the experimental investigations on CO 2 absorption kinetics by ionic liquids indicates that further investigations on CO 2 absorption kinetics by ionic liquids under different operation conditions are needed in order to apply the linear non-equilibrium thermodynamics to analyze the rate-controlling step of the CO 2 absorption kinetics process by ionic liquids and to investigate the effects of different operation parameters on the CO 2 absorption rate.
Vapor-liquid mass transfer area of CO 2 absorption kinetics process by ionic liquids
In order to obtain an accurate CO 2 absorption rate (flux) by ionic liquids in the non-equilibrium thermodynamic model proposed in this paper, both accurate experimental kinetics data and effective mass transfer area are needed. Crosssectional area was widely used as the vapor-liquid mass transfer area in the investigations of the gas absorption kinetics. However, investigations in the area of surface science show that dissolved gas can exist in the molecular form, as a "solution" in the form of tiny bubbles in nanometer dimensions [107] . Therefore, tiny bubbles of CO 2 may be produced during the CO 2 capture process in ILs. Dong et al. [108] and Wang et al. [109] investigated the motion of single bubbles in ionic liquids using experimental observations and a numerical simulation, respectively. Wang et al. [110] investigated the mass transfer properties of CO 2 capture with ionic liquids using the numerical simulation. They predicted the bubble size distribution and calculated the interfacial area. In this paper, the effective mass transfer area for CO 2 capture with ionic liquids is assumed to be the interfacial area of the tiny CO 2 bubbles produced in the CO 2 capture process, which could be investigated and the CO 2 absorption rate (flux) by ILs could then be further obtained based on recent research results of the nano bubbles and description of the nucleation and growth kinetics of the tiny CO 2 bubbles in the CO 2 capture process by ILs, combined with experimental kinetics data of the CO 2 capture by ILs, and the material conservation principles.
Interfacial transfer rate of CO 2 (IL) in CO 2 capture process by ILs
In recent available investigations on CO 2 dissolution kinetics, the concentration of component i at the vapor-liquid interface at any time is considered to be the instantaneous equilibrium concentration. In the absorption kinetics investigations of CO 2 and H 2 S in the ionic liquid TEGOIL K5 performed by Heintz et al. [74] , an instantaneous equilibrium at the interface was considered. In the CO 2 dissolution kinetics investigations in brines by Ji et al. [111] , the concentration of CO 2 (aq) at the vapor-liquid interface was considered as the instantaneous equilibrium concentration. However, the investigations of Ward et al. showed that the usual assumption of the instantaneous equilibrium at the liquid-gas interface may lead to the illogical consequence [112] , and they developed the statistical rate theory (SRT) to describe the molecular transport rate at the vapor-liquid and solid-liquid interfaces based on a first-order perturbation analysis of the Schrödinger equation and the Boltzmann definition of entropy [113] [114] [115] . In this paper, SRT is used to describe the molecular transport rate at the vapor-liquid interface, and the rate expression is composed of the following three parts [114] as shown in eq. (4) Eq. (4) shows that the description of the interfacial transfer rate of CO 2 (IL) in the CO 2 capture process by ILs also needs the reliable thermodynamic models to calculate the chemical potential of the systems.
Conclusions and perspectives
Ionic liquids show broad prospects for CO 2 capture, and their application requires fundamental thermodynamic research. Accurate fundamental data concerning the thermodynamic properties and phase equilibrium of the systems are important basis. The process rate is important to determine the feasibility of the process.
Based on the non-equilibrium thermodynamic model of CO 2 absorption kinetics by ionic liquids proposed in this paper, the following further investigations are needed:
(1) To develop reliable thermodynamic models: the molecular thermodynamic models such as SAFT EoS and SWCF EoS have been successfully used to describe the phase behaviors of the CO 2 -ionic liquid systems and show excellent potential for applications in engineering. However, more investigations of the thermodynamic properties for more CO 2 -ionic liquid systems need to be further performed.
(2) To describe the interfacial transport rate: SRT is used to describe the molecular transport rate at the vapor-liquid interface.
(3) To investigate the CO 2 absorption kinetics by ionic liquids: recently there have been less experimental investigations on CO 2 absorption kinetics by ionic liquids, and a large number of experimental kinetics studies focus on the CO 2 diffusion coefficient in ionic liquids, while the experimental kinetics data that could be used to analyze the rate-controlling step of CO 2 absorption by ionic liquids using the linear non-equilibrium thermodynamic modeling proposed in this paper have rarely been reported. Further investigations on CO 2 absorption kinetics by ionic liquids under different operation conditions are needed.
(4) Vapor-liquid mass transfer area of CO 2 absorption kinetics process by ionic liquids: in this paper, the effective mass transfer area for CO 2 capture with ionic liquids is assumed to be the interfacial area of the tiny CO 2 bubbles produced in the CO 2 capture process, which could be investigated and the CO 2 absorption rate (flux) by ILs could then be further obtained based on recent research results of the nano bubbles and description of the nucleation and growth kinetics of the tiny CO 2 bubbles in the CO 2 capture process by ILs, combined with experimental kinetics data of the CO 2 capture by ILs and the material conservation principles. 
